activate VGCCs. Indeed, VGCC activation alone by KCl2001a) . Accordingly, we examined the abilities of induced depolarization caused immediate widespread nAChRs and VGCCs to produce long-term pCREB. Only nuclear pCREB ( Figure 1C ). Blockade of VGCCs with one of the test conditions was successful: nicotine treatcadmium, however, did not prevent nicotine from proment with VGCCs being blocked. Thus, treating the cells ducing pCREB in many of the cells. Both nAChR classes with nicotine plus cadmium induced pCREB in about half on ciliary ganglion neurons contributed. This can be of the neurons, and it remained for the hour examined seen by comparing the labeling caused by nicotine plus (Figure 2A ). Additional tests indicated that the incidence cadmium in cultures with and without ␣-bungarotoxin of pCREB labeling among neurons remained elevated (␣Bgt) to selectively block receptors containing the ␣7 for as long as 3 hr after the 5 min exposure to nicotine/ gene product (␣7-nAChRs) or with d-tubocurarine (dTC) cadmium and subsided to background levels by 4 hr. to block all nAChRs. Increasing the nicotine concentraUsing a cocktail of VGCCs blockers in place of cadmium tion 10-fold (to 100 M) in the presence of cadmium did also resulted in long-term pCREB: 26% Ϯ 1% (mean Ϯ not further increase the proportion of cells displaying SEM; n ϭ 3 experiments, Ͼ150 neurons) of the neurons pCREB (data not shown). In the absence of extracellular displayed pCREB 40 min after the 5 min incubation with calcium, nicotine failed to increase pCREB staining over 10 M nicotine plus the blockers. The cocktail included background ( Figure 1C ). Clearly, calcium was required calcicludine (20 nM), -conotoxin GVIA (2 M), -conofor the effect and apparently entered through the receptoxin MVIIC (2 M), and -agatoxin IVA (20 nM) to block tors. Most neuronal nAChRs have significant relative L-type, N-type, P-type, and Q-type VGCCs, respectively. calcium permeability, and ␣7-nAChRs equal NMDA re-L-type channels appeared to be the critical class of ceptors in this respect (McGehee and Role, 1995) .
VGCCs. Omitting calcicludine from the cocktail of VGCC blockers prevented the nicotine treatment from generating any detectable long-term pCREB (data not shown).
Nicotinic Stimulation Induces Long-Term pCREB
Moreover, when the L-type channel blocker nifedipine and Alters Transcription if VGCCs Are Silent 30% Ϯ 2% (mean Ϯ SEM; n ϭ 5 experiments) of the itself to promote long-term pCREB. Calcium-induced calcium release (CICR) from internal stores proved essential. Pretreating the cells with either 10 M ryanodine or 1 M thapsigargin to prevent CICR prevented the nicotine/cadmium treatment from sustaining pCREB levels beyond 10 min (Figure 2A ). Similar results were obtained when 10 M nifedipine was substituted for cadmium to block L channel activation during nicotinic stimulation. In this case, nicotine/nifedipine caused 36% Ϯ 3% of the neurons to display pCREB 20 min after the treatment, whereas inclusion of either 1 M thapsigargin or 10 M ryanidine 45 min prior to and during the 5 min nicotine incubation reduced the pCREB levels to 16% Ϯ 3% and 21% Ϯ 3%, respectively, 20 min after the incubation. Neither ryanidine nor thapsigargin altered calcium influx triggered by nAChR activation as monitored by a fluorescent calcium imaging assay (see below) nor did they block pCREB formation when added only with, rather than before, the nicotine treatment (data not shown). Apparently CICR is required to sustain pCREB levels in response to nAChR activation. To assess whether pCREB formation correlates with changes in gene expression, we immunostained for the immediate-early gene product c-Fos. Only conditions that produced sustained pCREB, namely nicotine treatment in the presence of VGCC blockade, caused a significant fraction of the neurons to score immunopositive 90 min later for nuclear c-Fos ( Figure 2B ). Little, if any, significant increase over background was seen with any ). The ability of L-type channels to prevent nicotine tested as a negative control and found to have no effect on KCl-induced pCREB ( Figure 3A ). KN-92 had a small from inducing long-term pCREB was not caused by VGCCs producing nAChR desensitization. Jumping the effect on nicotine/cadmium-induced pCREB, probably because this family of compounds exerts a small inhibimembrane voltage from Ϫ60 to 0mV for 0.2-0.4 s to activate VGCCs had no effect on the nicotine-induced tory effect directly on nAChRs. The compounds may also interfere in part with VGCC function, but this cannot whole-cell response measured subsequently at Ϫ60mV with perforated patch-clamp recording; neither the peak explain their blockade of pCREB formation. Omitting the pretreatment step and applying KN-93 only with KCl or amplitude nor the time course of the response differed significantly from that seen prior to the depolarization nicotine/cadmium did not prevent pCREB labeling (data not shown). Moreover, quantitative comparisons of calstep (Q.-S. Liu and D. B., unpublished data). The results indicate that activation of L-type VGCCs sets in motion cium levels using a fluorescence imaging assay (see below) indicated that KN-62 had no effect on calciumdownstream events that dominant and prevent nicotinic maintenance of pCREB levels over the long-term.
influx driven by nicotine/cadmium under conditions where it blocked pCREB formation. Since KN-62 and Calcium influx through nAChRs was not sufficient by of phosphatase activity. We tested the latter by treating cells with appropriate blockers prior to stimulation. The no effect on immediate pCREB formation by either VGCCs or nAChRs ( Figure 3A) . calcineurin blocker cyclosporin A significantly increased the duration of VGCC-induced pCREB while having no Long-term pCREB required both CaMKII/IV and MAPK activation. KN-93 prevented both short-and longeffect on the level of long-term pCREB induced by nAChR activation ( Figure 4A ). Low concentrations of term pCREB formation by nicotine/cadmium while the MEK blocker U0126 prevented only long-term pCREB okadaic acid (20 nM), sufficient to block protein phosphatase 2A activity, had no effect. At a higher concentra-( Figure 3B ). Calcium imaging experiments (see below) indicated that U0126 had no effect on calcium elevations tion that blocks PP1 activity (Cohen et al., 1990; Nagao et al., 1995; Bito et al., 1996), okadaic acid (2 M) proinduced by nicotine/cadmium (data not shown), indicating that the MEK blocker did not prevent long-term duced a dramatic effect. It almost completely prevented the decline in pCREB levels following induction by pCREB by blocking nAChRs. The inactive analog U0124 had no effect on pCREB: 45% Ϯ 2% (mean Ϯ SEM, n ϭ VGCCs while having no effect on pCREB levels induced by nAChRs ( Figure 4B with nicotine/cadmium produced long-term pCREB in many fewer cells than occurred with normal extracellular that PP1 is the main phosphatase mediating pCREB dephosphorylation and that VGCC activation permits calcium ( Figure 5E ). A strict negative correlation, however, between global calcineurin/PP1 to override CaMK/MAPK and terminate nicotine-induced pCREB. Since calcineurin is calciumcalcium levels above some threshold value and longterm pCREB was not sufficient to account for the results. dependent and regulates PP1 activity (Deisseroth et al., 1996), it may provide a pathway through which VGCCs Thus peak calcium levels generated by nicotine/nifedipine in normal extracellular calcium were actually utilize calcium to control pCREB duration. greater than those caused by nicotine/cadmium in elevated extracellular calcium ( Figure 5C ), though the forBoth Amount and Pattern of Calcium Elevation mer supported long-term pCREB and the latter did not.
May Contribute to pCREB Outcome
And while changing the concentration of extracellular Calcium imaging was used to assess the relationship calcium changed the outcome for nicotine/cadmiumbetween global calcium levels in the neurons and induced long-term pCREB, it had little detectable effect pCREB formation. Scoring the proportion of neurons on the peak calcium levels produced ( Figure 5C ). Addithat displayed elevated calcium in response to various tional evidence comes from the finding that blockers of treatments yielded a good correlation between the frac-CICR (ryanodine and thapsigargin) prevented nicotine/ tion of cells that responded and the fraction that genercadmium and nicotine/nifedipine from inducing longated detectable pCREB immediately after the treatment.
term pCREB, and yet the blockers had no detectable Thus, selective activation of VGCCs with KCl or comeffect on global calcium elevations generated during bined activation of VGCCs and nAChRs with nicotine the treatment (data not shown). Taken together, these produced equally high incidences of pCREB labeling results indicate that global calcium levels are not the and calcium elevation among neuronal populations (Figsole Figure  5C ) and supported long-term pCREB ( Figure 5D ). Simi-25 Hz) to produce sustained pCREB ( Figure 6C ). Quantitative RNA dot blot analysis of transcript levels ( Figures 6D and 6E) . Though reduced in size, the synap- ., 2001 ), generated most of the calcium influx mechanisms. Chronic nicotine exposure is likely to deresulting from VGCC activation on the neurons. They sensitize nAChRs partially, resulting in a persistent, were not alone, however, in being able to produce this though reduced, response that is less capable of activatoutcome because raising the extracellular calcium coning VGCCs (Dani and Heinemann, 1996; Lena and centration to increase calcium influx through nAChRs Changeux, 1997). The disparity between nicotinic signalalso blocked nicotine-induced long-term pCREB. Cytoing and voltage-gated responses could impact tranplasmic calcium levels in this latter case were much scriptional events if the neurons have regulatory mechalower than those normally produced by activation of nisms similar to those described here. Also interesting L-type channels. These results, together with the reis the question of whether a synapse like the calyx of quirement for CICR to obtain long-term pCREB, suggest Held which has structural similarities to synapses on that calcium regulation of the process depends on more ciliary neurons but uses a different transmitter (Bollmann than the absolute level of cytoplasmic calcium. A recent et al., 2000), might employ similar mechanisms for synstudy indicates that nuclear calcium can determine aptic regulation of transcription. It will be important to pCREB levels induced by glutamatergic transmission determine how prevalent such regulatory patterns are, (Hardingham et al., 2001) . Future experiments should how they are affected by different levels of key enzymes examine the temporal and spatial patterns of calcium and ion channels within neuronal populations, and required for nicotine-induced long-term pCREB.
whether they extend to other transmitter-activated A principal finding here is that synaptic regulation of pathways. long-term pCREB is likely to be cell-type specific. When fully activated, VGCCs on rat hippocampal neurons sup- 
